Abstract DnaJ-like proteins are defined by the presence of an approximately 73 amino acid region termed the J domain. This region bears similarity to the initial 73 amino acids of the Escherichia coli protein DnaJ. Although the structures of the J domains of E coli DnaJ and human heat shock protein 40 have been solved using nuclear magnetic resonance, no detailed analysis of the amino acid conservation among the J domains of the various DnaJ-like proteins has yet been attempted. A multiple alignment of 223 J domain sequences was performed, and the levels of amino acid conservation at each position were established. It was found that the levels of sequence conservation were particularly high in 'true' DnaJ homologues (ie, those that share full domain conservation with DnaJ) and decreased substantially in those J domains in DnaJ-like proteins that contained no additional similarity to DnaJ outside their J domain. Residues were also identified that could be important for stabilizing the J domain and for mediating the interaction with heat shock protein 70.
INTRODUCTION
The presence of a so-called J domain in a protein defines it as a DnaJ-like protein. The J domain of DnaJ-like proteins is involved in regulating the adenosine triphosphatase (ATPase) activity of heat shock protein 70 (Hsp70) by stimulating adenosine triphosphate (ATP) hydrolysis (Cheetham and Caplan 1998) . In general, Hsp70 proteins have a low rate of ATP hydrolysis, and the ATP-binding form of Hsp70 has a low affinity for unfolded proteins, leading to a poor chaperone effect. However, in the presence of a DnaJ-like protein, the hydrolysis of ATP is enhanced. When this activity is enhanced, Hsp70 is in the adenosine 5Ј-diphosphate-bound state and has a higher affinity for substrate and can, therefore, act more efficiently as a chaperone protein. DnaJ-like proteins, therefore, act as cochaperone proteins by aiding the chaperone function of Hsp70s.
The J domain is a region that bears similarity to the initial 73 amino acids of the Escherichia coli protein DnaJ (Bardwell et al 1986) . This region is believed to be the major site of the interaction between DnaJ-like proteins and Hsp70s. The structures of 2 J domains have been determined using nuclear magnetic resonance. These are from DnaJ in E coli and Hsp40 (HDJ1) in humans (Pellechia et al 1996; Qian et al 1996; Huang et al 1999) . The structures contain 4 ␣-helices, with a loop region containing a highly conserved tripeptide of histidine, proline, and aspartic acid residues (HPD motif) located between helices II and III. The 4 structures are depicted in Figure  1 . Helices II and III are antiparallel amphipathic helices (Qian et al 1996) . The HPD motif is present in all known J domains, with the exception of the ring-infected erythrocyte surface antigen (RESA) proteins of Plasmodium falciparum (Bork et al 1992) . Mutations of these residues abolish the stimulation of the Hsp70 ATPase activity (Cheetham and Caplan 1998) .
Recent attempts have been made to subclassify the many and varied DnaJ-like proteins into groups. E coli DnaJ contains 4 domains, namely, the J domain; a glycinephenylalanine rich region, which is thought to act as a flexible linker region between the J domain and the rest of the protein but may also affect the interaction with Hsp70; a region containing 4 repeats of the form cysteine- Ribbon representation of the structures of the DnaJ and HDJ1 J domains as determined using nuclear magnetic resonance. The PDB codes are 1XBL (Pellechia et al 1996) and 1BQ0 and 1BQZ (Huang et al 1999) for the J domain from E coli DnaJ and 1HDJ (Qian et al 1996) for the J domain from human HDJ1. The structures were visualized in Molscript (Kraulis 1991) . The HPD motif is indicated as sticks. Helices II and III are in white, with the more mobile helices I and IV in black. The helices and HPD motif are labeled on the 1XBL structure.
XX-cysteine-X-glycine-X-glycine (CXXCXGXGX), which are thought to act as zinc finger-like motifs for interaction with proteins; and an uncharacterized C-terminal portion. Kelley (1998) proposed that DnaJ-like proteins should be divided into 2 groups. The first group would contain those DnaJ-like proteins that bore similarity to E coli DnaJ over the J domain and the glycine-phenylalanine rich region. The second group would contain those proteins that only bore resemblance to DnaJ over the J domain. An alternative division was proposed by Cheetham and Caplan (1998) . They divided all DnaJ-like proteins into 3 groups. Type I DnaJ-like proteins contain similarity to DnaJ over all domains, namely, the J domain, the glycine-phenylalanine rich region, and the CXXCXGXG motifs. Type II proteins show similarity to DnaJ over the J domain and the glycine-phenylalanine rich region. Type III proteins, in contrast, have similarity only over the J domain to DnaJ (Cheetham and Caplan 1998) . However, little analysis has been performed in the way of identifying residues critical to the J domain function, with the exception of the HPD motif. The J domains of the yeast endoplasmic reticulum proteins Scj1p and Sec63p have been swapped and have resulted in functional proteins (Schlenstedt et al 1995) . However, substitution of the Sec3p J domain with the J domain of the cytosolic protein Sis1 resulted in a nonfunctional chimeric protein (Schlenstedt et al 1995) . This indicates that there is a certain level of specialization within the J domain that is necessary to specify Hsp70-DnaJ-like partner proteins, with the possibility that variation in amino acid composition affects the specificity of the interaction. The alignments of DnaJlike proteins have in general only used around 8 sequences (Bork et al 1992) and have not looked at sequence conservation, although the recent work by Ohtsuka and Hata (2000) showed an alignment of 23 sequences. It was also unclear as to whether the levels of sequence similarity remained constant across all 3 types of DnaJ-like proteins. Consequently, it was decided to align all known J domains and establish levels of sequence identity and similarity and compare these levels among the groups of type I, II, and III DnaJ-like proteins. It was theorized that this method would possibly provide an alternative method of distinguishing between groups of DnaJ-like proteins on the basis of the amino acid composition of their J domains and to identify residues important in specific Hsp70-DnaJ interaction.
MATERIALS AND METHODS
All proteins related to DnaJ were downloaded using the Entrez Browser (http://www.ncbi.nlm.nih.gov/Entrez/). Redundant sequences were removed, and a database containing all the proteins was created. The J domain sequences were then placed into the spreadsheet package Microsoft Excel and aligned manually. Altogether 223 sequences were used. A consensus sequence for all DnaJlike proteins was then developed. The sequences were then divided into 3 groups according to the classification of Cheetham and Caplan (1998) . Consensus sequences for these 3 groups were then developed, and the 4 sequences obtained were compared with each other. Checks of the consensus sequences were obtained by taking 8 random sequences from each group and aligning them against each other using freely available multiple alignment packages.
RESULTS

Trends in the level of conservation within and among J domains of types I, II, and III proteins
Ninety-one sequences were used in the generation of the type I consensus sequence, 43 for the type II consensus sequence, and 89 for the type III consensus sequence. In total, 223 sequences were used for the overall consensus sequence. The numbers of sequences contributing at any point could decrease slightly because of the insertion of gaps to optimize alignments and in the loop region. The results are depicted in Figure 2 . The percentage conservation in the figure is a reflection of the level of sequence conservation of the given amino acid at a given position. Positions that are variable among the 4 derived consensus sequences are given in Table 1 . As can be seen in Figure  2 , type I J domains are highly conserved, type II slightly less so, and type III show the lowest level of conservation. Most of the loop region is not shown because of the low number of amino acids making up the alignment at this point and the low level of amino acid conservation. Most of the type I domains used in the alignments are from eubacteria. Hence, the evolutionary relationship among these proteins is likely to be fairly close. This could lead to an inherent bias in the determination of the consensus sequence of the type I proteins, with a possible overestimation of the levels of conservation of the residues at each position. Figure 3 shows multiple sequence alignments done on 8 random J domain sequences for each of the 3 types of DnaJ-like proteins. Figure 3 , similarly to Figure 2 , illustrates that when using the Cheetham and Caplan (1998) classification to divide the proteins, the J domains of type I and II proteins have a far greater degree of conservation than those of type III proteins, particularly in the loop region. In addition, there is a decreasing level of conservation from type I to type III J domains, particularly with respect to the loop region. In general, the loop region is highly variable; however, in type I proteins, there appears to be a preference for certain amino acids (Table 1 ; Figs 2 and 3). There is a high level of identity in type I J domains, and these proteins have shorter loop regions, with a high percentage of glutamic acid and alanine residues in that region. Type II loop regions are slightly longer but retain the higher proportion of glutamic acid and alanine. Type III J domains are less conserved and have highly variable loop regions, both in terms of length and amino acid type with no bias toward glutamic acid and alanine. Intriguingly, the final amino acid of both type I and II domains is a highly conserved glycine (greater than 80%), which potentially reflects the J domain merging into the glycine-phenylalanine region.
Pairwise alignments were performed using the overall consensus sequence against 3 different J domains, where E coli DnaJ (Bardwell et al 1986 ) is a type I protein, the human protein HDJ1 (Raabe and Manley 1991 Table 2 . The structure of the J domains from DnaJ and HDJ1 have both been determined, hence their use in these alignments (Pellechia et al 1996; Qian et al 1996) . This alignment also reflects the greater degree of conservation between the J domains of type I and type II DnaJ-like proteins compared with the J domains from type III DnaJ-like proteins.
Functional implications and the identification of an additional conserved motif
The Whatif program was used to establish residues potentially making contact with the highly conserved HPD tripeptide within the J domain (Chinea et al 1995; Vriend 1990) . The E coli DnaJ J domain structure (1XBL) was used for this purpose. The results are summarized in Table 3 and pictured in Figure 4 . Many of the residues that have potential interactions with the HPD tripeptide are highly conserved, with the exception of Met-30. The consensus sequence contains a leucine residue at the position of the methionine residue (Leu-26 in the consensus sequence, Met-30 in E coli DnaJ). Intriguingly, this residue is not conserved across all 4 consensus sequences, with a lysine being more common than the leucine in type I domains (Table 1) . Consequently, there is a high degree of likelihood that this residue is not important in a structural sense and may, therefore, be playing a role in specifying interactions with Hsp70 proteins. Other residues of interest include a phenylalanine at position 47 in E coli DnaJ. This residue is highly conserved and appears to be involved in many potential interactions with the histidine at position 33, generally for DnaJ-like proteins. Positive residues, often lysines that appear to flank this bulky, hydrophobic residue, give rise to what could be termed a KFK motif. Once again, the exception occurs in type III proteins, where there is just less than 40% lysine conservation at the 2 positions, although positively charged residues occur in half the type III sequences (data not shown). The phenylalanine-histidine interaction could be very important in terms of stabilizing the ␣-helices II and III of the J domain, in addition to the antiparallel bonding between the 2 helices. The flanking lysines generally protrude outward and could possibly play a role in interaction with Hsp70 or other regions of DnaJ-like proteins. The orientation of the phenylalanine and lysine residues in the structure of E coli DnaJ, with respect to the HPD motif, is depicted in Figure 5 .
DISCUSSION
In general, type I and II proteins show a greater degree of conservation in the J domain than do type III proteins. This could be a reflection of the fact that most of these proteins are present in prokaryotes where there are single Hsp70-DnaJ partner proteins. This could also be a result of the nearness of the evolutionary relation of type I proteins, as mentioned previously. Consequently, little variation is needed, since the DnaJ-like proteins will only have 1 Hsp70 partner to interact with. The converse of this is that in eukaryotes, where most type III proteins are located, the variation of the J domains is required to create specific DnaJ-like protein-Hsp70 partners. These J domains have possibly arisen as a result of gene duplication events. There might not have been the pressure on these type III J domains to retain the level of sequence identity that type I and type II J domains required, hence leading to a large level of sequence divergence. The evolutionary specialization of eukaryotic cells into functional compartments may have forced functional specialization of type III J domains. Further work could entail looking at the levels of nucleotide conservation, since this would give a better idea of the rate of evolutionary drift.
Presumably type I J domains, with their high level of similarity, can be freely interchanged in domain-swapping experiments, whereas type III J domains may not be able to interact nonspecifically with all Hsp70 proteins. The low level of conservation between type III proteins and the overall consensus sequence is further highlighted when levels of similarity and identity are calculated. A type III protein, such as the mouse protein MTJ1 (Brightman et al 1995), has a lower level of identity and similarity with respect to the J domain consensus sequence than does a type I protein such as DnaJ from E coli. The loop region is highly variable in type III J domains, both in type of amino acids and in length. This aspect could further contribute to specialization of the DnaJ-like protein in terms of facilitating the interaction with specific Hsp70s. There is generally a far lower level of variation in the loop region of type I J domains than in type III J domains. Generally, type I and II J domains have a higher level of alanine and glutamic acid residues in the loop region.
The J domain swapping experiment of Schlenstedt et al (1995) , in which only the J domains of endoplasmic reticulum proteins were functionally equivalent, could be explained by the level of conservation and its relation to specialization. In other words, endoplasmic reticulum proteins could have conserved slightly different residues compared with proteins that would normally be located in the cytosol. Alternatively, DnaJ-like proteins could have altered their sequences in response to sequence changes in their partner Hsp70.
Ultimately, several amino acids have been identified that could be interesting in terms of mutagenesis studies. These can be divided into 3 categories: those that are purely structural, those that are important in terms of general interaction with Hsp70, and those that may provide specificity to the interaction with specific Hsp70 partner proteins. In the first category, that of structurally important amino acids, there is a phenylalanine at consensus position 50 (position 47 in DnaJ), which is predicted to have several potential interactions with His-29 (33 in DnaJ). This phenylalanine is highly conserved, appears to be buried, and is found in another highly conserved tripeptide, KFK. Another residue of interest is the tyrosine located at position 3 on the consensus sequence in ␣-helix I (Fig 2) . There are also 2 very highly conserved residues that are likely to play a structural role on ␣-helix III, namely, the alanine at consensus position 54 and the leucine at consensus position 58. All the highly conserved residues (Ͼ90% identity) appear to be important from a structural perspective. Interestingly, all these residues appear to form 2 clusters in the J domain, with the HPD residues and the phenylalanine forming the first cluster at the base of the J domain and the other residues at the top of the domain forming a second cluster. Hence, the 2 clusters could be stabilizing both the top and the base of the structure. A possible explanation for the deleterious nature of mutations in the HPD motif is the loss of the stabilizing nature of the tripeptide, in turn causing a deleterious effect on the structure.
The second group of residues are those that are likely to be important in terms of interacting with Hsp70. Into this group fall the histidine, proline, and aspartic acid that make up the HPD motif. Common mutations here include the histidine to glutamine mutation. An interesting alternative mutation would be to mutate the tripeptide to a tyrosine-proline-tyrosine, as is found in the RESA protein of Plasmodium falciparum. As far as is known, this double mutation has not been previously performed, and the functional significance of this putative P falciparum J domain is unknown. Other possible amino acids that could be important include a glutamic acid (which can be conservatively substituted to aspartic acid) at consensus position 16 and the aspartic acids at consensus positions 60 and 68. There are also conserved lysines at positions 18, 19, 23, 27, 47, 49 , and 63 and an arginine residue at position 22. Recent work has indicated that positively charged residues, such as those mentioned above, could be interacting with negatively charged residues on Hsp70 (Gässler et al 1998) .
The third group of residues are those that could potentially be involved in determining specificity. Any residue with a low percentage of occurrence could potentially be involved in determining specificity, since the structure of the J domains appears to be very conserved and any variation could be critical in terms of specificity. This is even more interesting when the generally lower level of conservation of type III J domains is taken into account. Table  1 shows the residues that vary among the 4 consensus sequences. An example is the asparagine residue at position 52 in the overall consensus sequence. This residue is replaced by a serine or a threonine in type I J domains and an alanine in type II. Only the type III sequence retains the asparagine. Another example is that of a leucine located at position 26 in the consensus sequence. There is a methionine in that position in E coli DnaJ, which potentially has an interaction with the HPD motif. This residue is also more likely to be a lysine in type I J domains but a leucine in type II and III J domains. The reason for the variation of these specific residues is unclear. In general, they are found at the end of the helices or in the loop region, with the exception of the asparagine 52 mentioned previously, which is located in the middle of helix III, and the glutamic acid located at consensus position 62 and the alanine located at consensus position 65, both in the middle of helix IV. These latter 2 residues are part of the region corresponding to the QKRAA motif (Auger and Roudier 1997; Suh et al 1999) , with the residues EKRAI, that occurs at this point in the overall consensus sequence. The lysine and the arginine residues are significantly conserved, possibly implying that they are also important for the general binding of DnaJ-like proteins to Hsp70s, whereas the glutamic acid and the alanine show low levels of conservation and may be important in specificity.
The variation among the consensus sequences could also in part be ascribed to genetic drift and the differences that are seen are as a result of the phylogenetic distances. However, phylogenetic distance needs to be considered in a functional context. Functionality must affect the rate of evolution of a protein, resulting in different levels of conservation for different amino acids. Consequently, those residues that are important in terms of the maintenance of a correct structure or for generalized interaction with Hsp70s will be conserved in all J do- Ps, amino acid position for the consensus sequence; E, Escherichia coli DnaJ amino acid position; C, overall J domain consensus sequence; I, II, and III, J domain consensus sequences obtained for type I, II, and III DnaJ-like proteins, respectively; a.a., amino acid at that position in single letter code.
mains, whereas those residues important for determining specific DnaJ-like protein-Hsp70 partners will be less conserved and selected for, depending on the type of DnaJlike protein.
Further work remains to be done with respect to comparing the conserved residues with conserved residues in the various domains of the Hsp70s. Work has recently been published postulating regions of potential interaction between DnaJ and DnaK, the E coli Hsp70 (Gässler et al 1998; Suh et al 1998) . There is some evidence that DnaJ binds to 2 regions on DnaK (Suh et al 1998) . The first is in a cleft formed on the underside of the ATPase domain of DnaK, and the second is near the substrate binding domain on DnaK. The critical interaction described in this work is the interaction at the ATPase domain. A mutation located in the cleft in the ATPase do- main, namely, R167H, suppresses the mutation D35N, D35 being part of the HPD motif. There are also 2 residues that are located fairly close to Arg-165, namely, Asn-170 and Thr-173, that when mutated to alanines cause a decrease in DnaJ binding. Some work has indicated that the critical area of interaction between the J domain and a partner Hsp70 lies between residues 1 and 35, ie, helices I and II and part of the loop region (Greene et al 1998; Lu and Cyr 1998) . There are several highly conserved residues in this region, which could then be critical in mediating this interaction. Consequently, there is a high likelihood that the J domain binds to the cleft in the ATPase domain, with the ␣-helices generally forming a structural scaffold, and several key residues mediate the general interaction and other residues mediate the specificity of the interaction. It remains to be seen if some of the hypothetical conclusions of this study could be extended to similar work on the Hsp70 family of proteins. It appears that the presence of the glycine-phenylalanine rich region may be required for effective stimulation of an Hsp70's ATPase activity (Cheetham and Caplan 1998) . This adds an interesting sidelight to the low level of conservation among type III J domains. Work has indicated that type I and II J domains cannot stimulate Hsp70 ATPase activity without the glycine-phenylalanine rich region (Szabo et al 1996) . Type III J domains do, however, appear to be able to still stimulate ATPase activity. Several questions, therefore, need to be answered. First, does the lower level of sequence conservation in type III J domains indicate a change in the overall structure of the J domain, rendering the glycine-phenylalanine rich region unnecessary? Homology modeling does not show any major conformational changes; however, until the structure of more J domains is known, particularly that of the type III domains, this question cannot be answered unequivocally. Second, does the presence of the glycine-phenylalanine region contribute to the specificity of binding between type I and II DnaJ-like proteins and Hsp70s? (Chinea et al 1995; Vriend 1990) . A 4-Å cutoff limit was used.
Fig 5.
Ribbon representation of the J domain in E coli DnaJ showing the KFK motif and the HPD motif. The structure used is 1XBL. The HPD motif is in red, the phenylalanine is in light blue, and the 2 lysines on either side of the phenylalanine are in green. The model was made using Molscript (Kraulis 1991) . (A) Visualization of the phenylalanine residue with respect to the HPD motif. (B) Visualization of the orientation of the flanking lysine residues. Third, is the lower level of similarity of these type III domains due to additional interactions between the domain and the rest of the protein? Once again, in the absence of sufficient structural data, it is difficult to answer this question. It is also likely that there will be vast differences here with respect to type III proteins, since they have no other common domains.
In conclusion, the work presented herein identifies several residues in the conserved J domain that may be critical in terms of mediating the interaction with Hsp70. This may suggest a mechanism for determining the specificity of Hsp70-DnaJ-like protein interactions, since less conserved residues may come into play at this point, with the HPD motif being necessary for the general interaction mechanism and the stability of the J domain.
